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ABSTRACT 

We have observed five carbon-rich AGB stars in the Fornax dwarf spheroidal (dSph) 
galaxy, using the Infrared Spectrometer on board the Spitzer Space Telescope. The 
stars were selected from a near-infrared survey of Fornax and include the three reddest 
stars, with presumably the highest mass-loss rates, in that galaxy. Such carbon stars 
probably belong to the intermediate-age population (2-8 Gyr old and metallicity of 
[Fe/H] ~ — 1) of Fornax. The primary aim of this paper is to investigate mass- loss rate, 
as a function of luminosity and metallicity, by comparing AGB stars in several galaxies 
with different metallicities. The spectra of three stars are fitted with a radiative trans- 
fer model. We find that mass- loss rates of these three stars are 4-7 x 10 -6 Mq yr _1 . The 
other two stars have mass-loss rates below 1.3 x lO -6 M0yr -1 . We find no evidence 
that these rates depend on metallicity, although we do suggest that the gas-to-dust 
ratio could be higher than at solar metallicity, in the range 240 to 800. The C2H2 
bands are stronger at lower metallicity because of the higher C/O ratio. In contrast, 
the SiC fraction is reduced at low metallicity, due to low silicon abundance. The total 
mass-loss rate from all known carbon-rich AGB stars into the interstellar medium of 
this galaxy is of the order of 2 x 10 -5 Mq yr _1 . This is much lower than that of the 
dwarf irregular galaxy WLM, which has a similar visual luminosity and metallicity. 
The difference is attributed to the younger stellar population of WLM. The suppressed 
gas-return rate to the ISM accentuates the difference between the relatively gas-rich 
dwarf irregular and the gas-poor dwarf spheroidal galaxies. Our study will be useful 
to constrain gas and dust recycling processes in low metallicity galaxies. 

Key words: stars: AGB and post- AGB - stars: atmospheres - stars:mass-loss stars: 
carbon - 



1 INTRODUCTION 

Stars with low and intermediate initial mass (from 1 
to 8Mq) loose their atmospheres towards the end of 
their lives (1-10 Gyr after their birth). This mass loss 



is intense; approximately 50-80% of the stellar mass 
is lost during the Asymptotic Giant Branch (AGB) 
phase. Understanding this process and the composition 
of the gas lost from AGB stars is important for un- 
derstanding both stellar and galactic evolution. First, 
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the stellar wind removes material from AGB stars, re- 
ducing their mass and influencing their evolution. Sec- 
ondly, AGB stars are among the primary sources of 
metal-enriched gas and dust grains in the interstel- 
lar medium of galaxies (Maeder 1992). In particular, 
carbon-rich dust grai ns are formed solely in carbon- 
rich AGB stars (|Dweklll998f ) . Theoretical work has sug- 
gest ed that AGB mas s - loss r ates depend on metallic- 
ity dBowen fc Willsonl Il99ll : IWillson I l2QQ6t ). because 
the stellar wind is triggered by radiation pressure on 
dust grains and the dust is made up of astronomical 
metals, such as oxygen, carbon, silicon, iron and alu- 
minium. Therefore a study of extra-galactic AGB stars 
is vital, both because it allows us to study mass loss 
at low metallicity, and because the distances to the 
parent galaxies are known, so that stellar parameters 
can be derived with some precision. A high sensitivity 
mid-infrared instrument is required for such a mass-loss 
study; at present this is provided uniq uely by the Spitzer 
Space Telescope (| Werner et al.ll2QQ4f ). 

The Fornax dSph galaxy is the second (after Sagit- 
tarius) most luminous dSph galaxy known in the Local 
Group. The metallicity of red giants has been measured 
to be as low as [Fe/H|]] =— 0.7 and —1. 5 with a mean 
value of -1.0 ± 0.3 ([Tolstoy et al.ll200lh . This value is 
lower than that found i n the LMC (—0-4 ^ median value 
of red giants in the bar; ICole et al . 2005) and the SMC 
(-0.5 or -0.73; ISmith fc Lambert 1989; v an den Berghl 



1999). The metallicity of AGB stars has not yet been 
determined in these galaxies, except for one AGB star 
in the SMC, which has been estimated at — 1.0 ± 0.35 
(jde Lavernv et af]l2006l ). This is consistent, within the 
error, with the values quoted above for red giants. Thus, 
the Fornax dSph is an ideal target to explore the lower 
metallicity range. Fornax has gl obular clusters; thei r 
ages range from 7 t o 14 Gyrs (Str ader et al. I [20031 ). 
Battagli a et al.l (|2006l ) found three distinct periods of 
star forming activity in the galaxy. The dominant pop- 
ulation, to which the AGB stars are most likely to be- 
long, is 2 to 8 Gyr old. There may have experienced 
star- forming activity until a few times 10 8 years ago, but 
this young po pulation is sm all. Fornax is gas poor at the 
present time; lYound (1 19991) reported a n on- detection of 
Hi gas, although iBouchard et al.l (|2006l ) have detected 
more distant gas possibly associated with Fornax. 

The distance modulus of the Fornax dSph is quoted 
as: (ra — M)o=20.76 mag dP emers et al. 1990), (ra — 
M) =20.70±0.12mag (ISaviane et all l2QQ0h an d (ra - 
M) =20.74±0.11mag (jGullieuszik et all l2007f ). These 
values are consistent and we adopt 20.76 mag in this 
paper. The Fornax dSph galaxy is elliptical in shape 
and the major axis is l onger than the minor axis by a 
factor of at least two ([Irwin fc Hatzidimitrioul Il995h . 
The thickness of the galaxy is negligible at its dis- 
tance. The interstellar reddening towards Fornax is 



1 Here we use the chemical abundance ratio of any element X, 
[X/B] = log (X/H)-log(X/H) where log (H)=12 is the abun- 
dance of hydrogen by number of atoms. The metallicity of the 
galaxy is represented by iron abundance. 



E(B - V) « 0.03 (|Demers et alJ l2Q02h , and its effect 
is n egligible in the infrared. 

iDemers fc Kunkel (| 19791) found red giants in the 
Fornax dSph galaxy and lAaronson fc Mouldl (|l980l ) es- 
tablished that so me of these are (AGB) carbon stars. 
lAzzopardll (p.999) claim to have detected 104 carbon 
rich stars in this galaxy. Because of its low metallicity, 
relatively close distance, and reasonable number of AGB 
stars, the Fornax dSph is an ideal galaxy to study the 
influence of metallicity on the evolution of AGB stars. 

As follow-up to our Spitzer spectroscopic sur- 
vey of AGB stars in the LMC (IZiilstra et al] [2 006: 
Mat suura et al.l 120061 ) and the SMC ([Lagadec et al.l 
2007a|), we have undertaken spectral observations of 
carbon stars in Fornax, us ing the Infrared Spectrograph 
(IRS) (jHouck et all l2004f ) on the Spitzer Space Tele- 
scope. This study aims to investigate the spectra of the 
AGB stars and to ascertain the influence of metallic- 
ity on AGB mass-loss rates and on the composition of 
molecules and dust grains, down to a metallicity of one 
tenth of the solar value. 



2 TARGETS 

Our target selection is based on a monitoring 
program with the Infrared Survey Fac ility (IRSF; 
iGlass fc Nagatal 120001 : iMenzies et al] 120021 ) at Suther- 
land in South Africa (Menzies et al. in preparation). 
Table [1] lists the five targets together with their coor- 
dinates and cross-identifications. Photometric measure- 
ments of the targets from the literature are summarised 
in Table[2j The variability of these stars will be dis- 
cussed elsewhere (Menzies et al. in preparation), but 
all of them show large amplitude periodic changes, and 
are most likely Mir a variables. This variability will re- 
sult in spectral chang es if the stars are indeed Mir as, 
(e.g. Hron et al.|[l998l : iBusso et al.ll2007f ). 

Fig. [1] shows an infrared colour-magnitude diagram 
of our targets, where they are compared with LMC 
stars. Our sample is located on the sequence of LMC 
AGB stars, although the Fornax stars tend to have 
fainter Mk magnitudes than do LMC stars with similar 
J — K colours. 

Our three red carbon-rich stars (Fornax 13-23, 12- 
4, and 3-129) are redder in J — K than anything 
described in a recent n ear-infrared survey of Fornax 
([Gullieuszik et all l2QQ7h and probably have the thick- 
est shells of any AGB stars in that galaxy. 

The Fornax dSph galaxy is roughly elliptical in 
shape, although the ellipticity varies slightly depending 
on the distance from the galaxy centre. All of our tar- 
gets are located within an ellips e of 0.4 deg sem i- major 
axis and ellipticity of 0.3 (see iBattaglia et al.l ((2006) 
their Fig. 1; Fig. [ 2] in our work). A colo ur-magnitude di- 
agram of Fornax ( Bat taglia et al.ll2006D shows the 'AGB 
bump', which marks the beginning of the AGB phase; 
stars in this bump belong to an intermediate age pop- 
ulation. Because of the typical age of AGB stars, it 
is most likely that our targets also belong to the in- 
termediate a ge population, w hich has a metallicity of 
[Fe/H]~ -1 (BattaghaeFaDllool). Contamination by 
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Figure 1. The absolute K-band magnitude (M^), J — K colour 
diagram for the five sources in the Fornax dSph galaxy (large 
filled circles) observed at mid-infrared wavelengths. For compari- 
son a large sample of mid-infrared sources in the LMC from MSX 
(Midcourse Space Experiment; small open circles) and field stars 
from a small area of the L MC bar (small do t s) are also shown 
- see IZiilstra et all (|20Q6h and I Wood et all {§007) for details. 
AGB stars are confined approximately to the region below the 
line marked "AGB limit". Stars above this limit are red super- 
giants with initial masses above ~8 Mq, or perhaps foreground 
stars. Locations of post- AGB stars (PAGB) and tip of FGB (first 
giant branch) are indicated. Distance moduli of 20.76 and 18.54 
have been assumed for Fornax and the LMC, respectively. 



young (<1 Gyr) carbon stars is possible, but not likely. 
Such young carbon stars would have high luminosities, 
close to the AGB luminosity limit, which are not found 
for any of our sample (FigJTJ). In addition, the popula- 
tion of_s^icli^o2mg carbo n stars must be small. 

iTolstov et all (|2QQ3h found [Fe/H]^ 1.6 among 

some red giants from optical high spectral resolution 
observations, but the majority were between —0.9 and 
— 1.3 ac cording; to the medium resolution spectro scopic 
survey ([Tolstoy et al.ll200ll : iBattaglia et alJl2QQ6h , The 
median of the 'current' metallicity of red giants is 
[Fe/H]~ —1.0 according t o spectroscopic ob servations 
of over a hundred stars (|Pont et al.l 12004 ) . Further- 
more, a planetary nebul a, which is carbon-r ich, shows 
[Fe/H]= -1.13 ±0.18 (jKniazev et al.ll2007f ). We con- 
clude that [Fe/H]~ —1.0 is a reasonable assumption for 
the population we are dealing with. 

Two of our targets were identified as carbon stars by 



iDemers et al.l (|2002l ). The other three targets were not 
included in their sample, because they selected carbon 
stars with 1.4 < J - K < 2.0. 



3 OBSERVATIONS AND DATA REDUCTION 

Our targets were observed with the IRS on board the 
Spitzer Space Telescope, using the low resolution mode. 
Only the short-low (SL) module was used with a spec- 
tral coverage from 5 to 15 jam. This wavelength range is 
covered by three segments SL2, SL1 and a bonus order. 
The spectral resolution is in the range from 60 to 127. 
The program ID number is 20357. 

Observations were carried out on 2006 January 27th 
to 30th. The exposure time per star was 1440 s (60 sx24 
cycles) for SL2 (5.2 to 8.7 /im) and 1680 s (60 sx28 cy- 
cles) for SL1 (7.4 to 14.5 /im (officially), but extends up 
to 15.0 /im). We used a nearby star, IRAS F02375-3443 
(02h39m35.23s, -34d30m37.2s), to peak-up on. 

The data were processed through the SI 3. 2 and 
S14.0 version of the Spitzer Science Center's pipeline. 
The reduction started from the droop products which 
are equivalent to the commonly used bed data, but lack 
flat-field and stray-cross-light removal (the latter is only 
important for bright sources). Rogue pixels are first 
flagged using a campaign mask and then removed us- 
ing the irscleat^ tool. Different cycles (repetitions) were 
averaged to improve the S/N. Finally, one dimensional 
spectra were extracted using a variable extraction win- 
dow set at 4 pixels at the middle of each order. The cal- 
ibration was performed by dividing the resultant spec- 
trum by that of the calibration star HR 6348 (extracted 
in the sa me way as the targe t) and multiplying by its 
template ([Cohen et al.l (|2003l ): Sloan et al. in prep). 



4 DESCRIPTION OF THE SPECTRA 

Fig. [3] shows the Spitzer/IRS spectra of the five tar- 
get stars; all are carbon-rich. The target selection (long 
period variability) was independent of spectral classi- 
fication (i.e. O-rich versus C-rich), and this suggests 
that high mass loss is only exhibited by carbon stars 
in this galaxy. Absorption features at 7.5 and 13.7 jam 
are due to C2H2. There may be some contribution from 
HCN in the absorption feature at 7 /im. The emission at 
11.3 jam is a dust excess from SiC. A dip at 6 jam is part 
of the 5 /am CO fundamental, possibly blended with C3 
absorption bands. CO molecules will be present in all 
cool AGB stars. The identification of C3 in the Fornax 
stars is not certain, because the wavelength coverage 
of IRS is not favourable for this band, but the pres- 
ence of C3 is known for some Galactic (albeit blue) 
carbo n stars (|j0rgensen et al.l l2000l : lYamamura et al.l 
1997) and therefore it is likely to be present in these 
extra-galactic stars. The SiC excess at 11.3 jam is strong 
in Fornax 13-23 and Fornax 3-129 and weak in Fornax 
12-4. This feature is marginally detected in Fornax 4-25 

2 This tool is available from the SSC web site: 
http:/ /ssc. spitzer. caltech.edu 
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Figure 2. Locations of our target stars within the Fornax dSph galaxy, superposed on the DSS image. Globular Clusters (GCs) within 
the field are also indicated. Coordinates are in J2000 and one square grid box is 15 x 10 arcmin 2 . 



Table 1. Targets. 



Name 


Coordinates (J2000) 




2MASS designation 1 " 


Other names 


ref 


Fornax 13-23 


02h38m50.6s 


-34d40m32.0s 


02385056-3440319 






Fornax 12-4 


02h39ml2.3s 


-34d32m45.0s 


02391232-3432450 






Fornax 3-129 


02h39m41.6s 


-34d35m56.7s 


02394160-3435567 






Fornax 4-25 


02h40ml0.2s 


-34d33m21.9s 


02401016-3433218 


V20, C10, DM19 


1,2,3 


Fornax 6-13 


02h40m31.2s 


-34d28m44.2s 


02403123-3428441 


DM22 


1,3 



Demers Sz Irwin 



Westerlun d et al. I (1 1987) 



Demers et al.l (|2002 



and is not obvious in Fornax 6-13. The feature at 8.5 /im 
is caused by the band gap. 



Fornax 6-13 does not show any obvious feature in 
its IRS spectrum. However, its near-infrared colour, 
J — K > 1 . 4, s uggests that this star is carbon-rich 
(|Cioni et al.l l200l[ ), and this is confirmed by near- 
infrared spect r a (Gr oenewegen et al. in preparation). 
iDemers et al.l ((2002) also spectroscopically identified 
Fornax 4-25 and Fornax 6-13 as carbon stars. 



4.1 Band strengths 

We measured the equivalent width of the molecular 
bands and the strength of the SiC dust emission, so 
as to evaluate the metallicity dependence of these fea- 
tures. The equivalent width of the C2H2 molecular 
bands and SiC are measured following the method of 
IZiilstra et all (|2006f ). Figs. Hand [5] show 7.5 and 13.7/im 
C2H2 equivalent widths as a function of infrared colour 
[6.4] — [9.3]. The [6.4] and [9.3] values are calculated from 
the Spitzer/IRS spectra, an d the definiti o n of these 
magnitudes is also given by IZiilstra et all (|2QQ6t ): the 
bands being selected so as to avoid major molecular fea- 
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Table 2. Magnitudes and variability. 



Name 


DI 1 


WEL 2 


IRSF 3 




2MASS 4 








< V > period 


V 


V — B <K > 


<J-K> 


J 


H 


Ks 


Fornax 13-23 






13.650±0.4 


3.147 


16.106±0.0939 


14.525±0.0527 


12.879±0.0287 


Fornax 12-4 






12.823±0.3 


3.027 


14.722±0.0334 


13.262±0.0384 


12.120±0.0242 


Fornax 3-129 






13.907±0.4 


3.764 


<17.663 


15.970±0.2049 


14.164±0.0695 


Fornax 4-25 


18.6 317.2 


18.43 


2.92 13.221±0.2 


1.984 


14.063±0.0256 


13.122±0.0214 


12.545±0.0285 


Fornax 6-13 






13.378±0.1 


1.896 


14.745±0.0433 


13.689±0.0456 


13.072±0.0365 



IRSF is a monitoring program providing average magnitudes, while 2MASS measurements present a single-phase obser- 
vation^ 

1: i Demers & Irwinl ([1 987) 
2: IWesterlund et al.'l (|l987l ) 
3: Menzies et al. in prep aration 
4: ISkrutskie et al.l (|2006l ) 



Table 3. Equivalent width of molecular bands (W7.5 and W13.7) 
for 7.5 and 13.5 /im C2H2, SiC dust emission strength (above 
the continuum) with respect to the 'continuum' (i?sic)> infrared 
fluxes (/) at 6.4 and 9.3 jum, respectively and th e [6.4]— [9.3] 
colour; definitions are given bv lZiilstra et al.l (|2006h . 



Name 






W13.7 


f6A 


/9.3 


[6.4] -[9.3] 




//in 




/im 


mJy 


mJy 


mag 


For 13-23 


0.25 


0.14 


0.022 


7.2 


6.7 


0.73 


For 12-4 


0.08 


0.04 


0.058 


10.8 


8.4 


0.55 


For 3-129 


0.22 


0.15 


0.029 


12.7 


10.6 


0.62 


For 4-25 


0.15 


0.03 


0.019 


2.9 


1.4 


0.04 


For 6-13 


0.11 


0.01 


0.026 


2.1 


1.2 


0.20 



tures. [6.4] — [9.3] is a measure of the stellar temperature 
for blue stars, but of circumstellar excess for red stars. 
Samples in our Galaxy (Milky Way) , the LMC and the 
SMC are also plotted in the figures (|Sloan et al.i r2003, 
l2QQ6UZiilstra et aUl200fllLagadec et a l. 2007a). As seen 
in the spectra and Tabled Fornax 13-23 and 3-129 
have a large equivalent width at 7.5 /mi (W(7.5)=0.2- 
0.25 /im) with respect to the infrared colour [6.4] — [9.3]. 
Here W is the acronym of 'equivalent Width'. These 
band strengths are some of the largest found in the 
range 0.5 < [6.4] — [9.3] < 1.0, within the samples from 
various galaxies. A high value of W(7.5), with respect 
to infrared colour, is found for stars in Fornax and the 
SMC, while a low W(7.5) is found in our Galaxy. The 
equivalent width of 13.7 /im is more affected by spike 
noise because this molecular feature is weak, and the 
quality of data in 14.5-15.0 /im region is poorer. Nev- 
ertheless, Fig. [5] shows that stars in our Galaxy cover 
the lowest range of 13.7 /im equivalent width, W(13.7) 
in the range 0.5 < [6.4] -[9.3] < 1.0. 

Fig. [6] shows the rat io of SiC excess wit h respect to 
the pseudo-continuum ([Zijlstra et al.l [2QQ6h : larger ra- 
tios indicate larger SiC excess. A careful positioning 
of the 'continuum' would be required to measure th e 
SiC band strength precisely ([Thompson et all l2006f h 
but we argue that this ratio represents a good esti- 
mate of the approximate SiC strength. The ratio is plot- 
ted against the infrared colour [6.4] — [9.3] in Fig. [6l A 
large SiC excess is found for relatively blue (IR-colour 



A MW 
O LMC 



I Fornax dSph 



1.0 
[6.4]-[9.3] 



Figure 4. The equivalent width of 7.5 C2H2 as a function of 
infrared colour [6.4] — [9.3]. Symbols show the host galaxies, MW 
representing the Milky Way. 



0.0 < [6.4]- [9.3] < 0.5) Galactic stars. Stars in the SMC 
and Fornax have the lowest SiC excess ratio among any 
of the samples. Two stars in Fornax show a SiC to con- 
tinuum ratio of -0.15 at 0.5 < [6.4]- [9.3] < 0.8, much 
less than found for Galactic stars with similar colour. 



5 MASS-LOSS RATE 

Using flux calibrated Spitzer spectra together with in- 
frared photometric data, we derive mass-loss rates for 
the carbon-rich AGB stars. 



5.1 Modelling the spectral energy distribution 

Spectral energy distributions (SEDs) are modeled us- 
ing t he radiative transfer code DUSTY ([Ivezic fc Elitzurl 
I1997D . The quality of these SED fits with the observa- 
tions are illustrated in Fig. [3 

A spherical geometry is assumed for the circum- 
stellar envelope, and the circumstellar shells are filled 
with material from the radiatively driven wind, which is 
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Figure 3. Spitzer/IRS spectra of carbon-rich stars in the Fornax dSph galaxy. Spectra are smoothed by a factor of 2.5 on the wavelength 
grid to improve the quality. The wavelength ranges of the molecular bands are indicated by lines, and possible identifications of molecular 
bands are shown with dotted lines. 



moving at a constant velocity. The photospheric spec- 
trum of the central star is calculated with a hydrostatic 
model including molecula r opacities (|Loidl et al.ll200ll ; 
iGroenewegen et aTl 12007). An effective temperature of 
2800 K is adopted. We also tried a 2650 K spectrum 
which often worked well fo r stars in the LMC and SMC 
([Groenewegen et all [2007), but this lower temperature 
did not result in a good fit for the Fornax spectra. 
This may be a consequence of the difference between 
the samples from the various galaxies; the LMC and 
SMC stars have redder J — K colours (Fig.[T]). As details 
of carbon to oxygen ratios are unknown, a C/O ratio 
of 1.1 is assumed in the hydrostatic model. Although 
this is typical of values found for Galactic carbon stars, 
at lower metallicity the C/O ratio may well be higher 



(jMatsuura et al.ll2002l . 120051 ). The assumed C/O ratio 
affects most strongly the depth of molecular bands, and 
we minimize its impact by concentrating on a relatively 
featureless wavelength range of the spectra for this par- 
ticular exercise. Furthermore, the elemental abundances 
(except for c arbon) used by DUSTY m odelling are the 
solar values (jAnders fc Grevesselll989l ), which are also 
inappropriate for stars in Fornax. In spite of these lim- 
itations, we prefer the hydrostatic model spectra over 
simple blackbodies (BBs). We compared SED fits using 
blackbody curves the star and hydrostatic model spec- 
tra as a heating input of DUSTY. The simple blackbody 
requires a lower optical depth to reproduce the SED. 
For example, Fornax 13-23 and Fornax 3-129 are fitted 
with ro. 55 =3.0, and 8.25 with BB input, respectively. 
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Table 4. Luminosity and mass-loss rate. 



Name 


M bo i 


L 


TO. 55 


M 1 


V 


Ml 


For 13-23 


-4.92 


7389 


4.00 


4.2xl0~ 6 


20 


2.2xl0~ 6 


For 12-4 


-5.54 


13012 


2.45 


4.5xl0- 6 


25 


2.4xl0- 6 


For 3-129 


-4.97 


7748 


8.50 


6.9xl0- 6 


16 




For 6-13 


—4.69+ 


57211" 


<1 


<1.3xl0- 6 







Mboi : bolometric luminosity (mag) estimated from DUSTY fitting. 
L : luminosity (Lq) estimated from DUSTY fitting, 
t : spline fitting to the SED is used instead of DUSTY. 
to. 55 : optical depth at 0.55 jum for DUSTY model fitting 
M 1 : gas mass-loss rate (MQyr -1 ) estimated from DUSTY fitting 
v : terminal velocity (kms ) estimated from DUSTY fitting 

: gas mass- loss rate estimated from near- and mid-infrared colour method, assuming a gas-to-dust ratio of 200 
(Laga dec et~aTl l2007rA The K- [11] colour is used. The values quoted in the table are based on method (2) in their paper. 
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Figure 5. The same as Fig. [4] but for the equivalent width of 
13.7 C 2 H 2 . 
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However, the models with BB input have difficult in 
fitting near-infrared spectra. The low optical depth re- 
quired by the BB model is probably a consequence of 
the lack of molecular absorption, thus the more efficient 
heating of grains especially at shorter wavelength. 

The temperature at the inner radius of the dust 
shell is assumed to be 1000 K ([Groenewegen et all 
I2007D. Dust grains are a mixture o f amorphous carbon 
(Haime3[l988|) and SiC (|Pegourielll988h . The fractions 
which give the best fit are 5% SiC and 95% amor- 
phous carbon. We also attempted to fit the observed 
SiC bands with 3% and 10% SiC mixtures, but the 
former does not create any SiC bands at 11 /im, while 
the latter produces SiC bands that are too strong to 
fit the spectra of our targets. The grain size distribu- 
tion is assumed to be a = 0.0005 to 0.25 /im according 
to a power-la w distribution of t he form n(a) oc a~ q 
with q = 3.5 ([Mathis et gil .1 1 1 9 77h . A gas-to-dust ratio 
of 200 is the default of DUSTY. Although we not e that 
the ratio might be higher at lower metallicity (van Loon 
2000), no dependence has yet been measured. This ratio 
is important when the optical depth is converted to the 
mass-loss rate. 

The outer radius of the shell is fixed at 10 3 times 
the inner radius of the circumstellar shell. Chang- 
i ng the outer radius has minor effects on the SED 
([van Loon et al.ll2003h . The DUSTY model fit produces 
the terminal outflow velocity and mass-loss rate for a 
luminosity of 10 4 Lq. As we derive the luminosity by 
scaling the emerging spectrum from DUSTY, we recal- 
culate the dust mass-loss rate accordingly. 

The DUSTY model itself has an uncertainty of 30 % 
in mass-loss rate and expansion velocity, as noted in the 
DUSTY manual. 



[6.4]-[9.3] 



Figure 6. The intensity ratio of SiC excess with respect to the 
pseudo-continuum is plotted against [6.4] — [9.3]; a ratio of 0.0 in- 
dicates no SiC excess (continuum only). 



5.2 Results of radiative transfer code fitting 

Figs. [71 and [8] shows the DUSTY model fits to the spec- 
tra and the parameters used for these fits are listed 
in Table[4j We use three spectra which show clear SiC 
excesses to fit the 11.3 /urn SiC excess and the general 
shape of the SED. We attempted to fit the other two 
spectra with negligible SiC excess (Fornax 4-25 and For- 
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Figure 7. SED and fits with DUSTY radiative transfer model. Figure 8. SED and fits with DUSTY, but with a linear scale to 

emphasize the SiC dust feature and quality of the fit. 



nax 6-13) and found that the optical depth at 0.55 /im 
was ro. 55 < 1. The Fornax 4-25 and 6-13 spectra seem 
to be photospheric in origin, with little circumstellar 
contribution to the infrared. Integrating over the JHK 
photometry and t he Spitzer spectra of Fornax 6-13, us- 
ing spline fitting ([Zijlstra et al.l 12006), we obtained a 
luminosity of 5721 Lq; DUSTY fitting gave an upper 
limit to the mass-loss rate of < 1.3 x lO -6 M0yr -1 . 
The same spline fitting is adopted for Fornax 4-25, us- 
ing V JHK and Spitzer spectra, resulting in a luminos- 
ity of 5621 Lq, but with lower accuracy than for the 



other targets. An upper limit to the mass-loss rate is 
< 1.3 x 1O -6 M0 yr _1 . These photometric observations 
are not simultaneous with the Spitzer measur e ments , 
in contrast to the study by iGroenewegen et al.l (|2007[ ), 
increasing the uncertainty in the instantaneous lumi- 
nosities. 

There are some features which the DUSTY models 
do not fit well, in particular the 7.5 /im and 13.7 /im 
absorptions due to C2H2. A similar problem was also 
found in fitting some LM C and SMC AGB spectra 
([Groenewegen et aDl2007| ). The C2H2 molecular bands 
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are included in the model for the stellar atmosphere, 
which is used as an input to DUSTY models, but the ob- 
served bands are stronger than predicted. As discussed 
later, the parameters used in the models are appropri- 
ate for Galactic stars, and the metallicity dependence 
of the molecular band strengths may well contribute to 
this problem. There could be additional effects, such 
as some C2H2 originating from the extended atmo- 
sphere which is lifted by the p ulsation abov e the p hoto- 
sphere (e.g. iHron et allll998l : lOhnaka et aDl2QQ7n . Cir- 
cumstellar molecular absorption (e.g. lAoki et all Fl 999; 
iMatsuura et al.ll2QQ6h is also not included in DUSTY. 

The mass-loss rates for the three reddest stars are 
of the order of 5 x 10 -6 M^yr -1 . This would be only a 
moderate mass-loss rate for Galactic carbon stars. The 
comparison assumes that the gas-to-dust ratio in the 
Fornax dSph galaxy is the same as in our Galaxy. 

The bolometric luminosities estimated from fitting 
a radiative transfer model are comparable to other 
estimate s, such as those from near-infrared, J — K, 
colours (La gadec et al.l l2QQ7bl ). The values range be- 
tween log L [Xq]=3.9 and 4.1, which is comparable 
to the mean luminosities found for carbon stars in 
the LMC, b ut slightly higher than those found for 
SMC stars ( Ziilstra et all I2QQ6I : iBuchanan eTaD I2QQ6I : 
lLagadec et al.ll2007af )~ 

Fig. [9] shows the derived mass-loss rate as a func- 
tion of luminosity an d a comparison with va lues for 
LMC and SMC stars (jGroenewegen et al.ll2QQ7h . Little 
metallicity dependence of the mass-loss rate is found, 
at least for the dust mass- loss rate. The Fornax mass- 
loss rates are at the upper end of the SMC mass-loss 
rates at a given luminosity. However, we are unable to 
fit the Fornax stars with lower mass-loss rates (Fornax 
4-25 & Fornax 6-13), so there is an obvious selection ef- 
fect. LMC stars appear to reach a higher mass-loss rate 
than the SM C and Fornax stars at a given luminosity, 
as noted by iGroenewe gen et all (|2QQ7t ). 

The assumptions made in deriving the total mass- 
loss rates are the expansion velocity of the circumstellar 
shell and the conversion factor from dust mass-loss rate 
to gas mass- loss rate. 

IGroenewegen et aD ([20071 ) assumed an expansion 
velocity of lOkms -1 for all the stars in their study. The 
velocity is derived from DUSTY fitting in our work and 
we find that the Fornax stars have expansion velocities 
in the 16 to 25kms _1 range. This gives us larger mass- 
loss rates for the Fornax sta rs by a factor of up to 2.5 
over those obtained from the IGroenewegen et al.l ((2007) 
assumption. Nevertheless, in the log scale of Fig.[9l this 
is a minor effect. 

The gas-to-dust m ass ratio is assumed to be 200 in 
both this work and by IGroenewegen et al.l (I2007T). This 
ratio m ay have a metallicity dependence, and Ivan Loonl 
(2000) estimates logip oc — 1.0x[Z/H] for carbon stars, 
where ip is the gas-to-dust ratio. If this is correct, the 
gas-to-dust ratio in Fornax will be about twice what it 
is in the SMC and the Fornax stars will have higher 
gas mass- loss rates than derived above. We discuss this 
further below (Sect. RT2|) . 

Fig. [10] shows the mass-loss rate as a function of 
infrared colour. The wavelength bands are defined so 
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Figure 9. Mass-loss rate (MQyr -1 ) as a function of luminos- 
ity (LfT)) for our sample and for the LMC and SMC samples 
flGroenewegen et al . 2007). Fornax stars show high mass-loss rates 
for their luminosities. The dotted line is the fit to t he luminosity 
vs m ass-loss rate relation for Galactic carbon stars (|Groenewegenl 
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Figure 10. Mass-loss rate as a function of infrared colour 
[6.4] -[9.3] 



as to avoid major molecular or dust features, thus the 
colour measures the 'continuum' spectrum reasonably 
well. In Fig.[10l a correlation is found between the in- 
frared colour and the ma ss-loss rate. As mentioned in 
IGroenewegen et aD ([20071 ) , this colour gives the approx- 
imate mass-loss rate with a factor of two to five uncer- 
tainty, depending on the colour. 
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5.3 A comparison with IR colour method 

lLagadec et al.l (|2QQ7bl ) estimated the dust mass-loss 
rate of two of the sources in our sample, using the in- 
frared colour index K — [11]. Their dust mass- loss rates 
have been converted to gas mass-loss rates assuming a 
gas-to-dust ratio of 200 and are listed in Tabled) they 
are consistent with our estimates to within a factor of 
two. At least some of the difference will be due to the 
input stellar spectra, i.e., our wo rk uses a hydrostatic 
model while lLagadec et~al . (2007b) assume a blackbody. 
Nevertheless, the consistency shows that the infrared 
colour method can be used to estima te the mass-loss 
rates , as found for Ga lactic AGB stars ([Whitelock et al.l 
Il994t lLeBertolll997l) . 

The mid-infrared colour also shows a correlation 
with mass- loss rate (Fig.[T0]h especially when using 
colours that minimize the influence of strong molecu- 
lar bands. Note that unlike some colour measurements, 
e.g. K — [12], our values are constructed from spectra 
and are therefore simultaneous and not affected by vari- 
ability. 



6 DISCUSSION 

6.1 Luminosity of carbon stars 

The carbon stars in the Fornax dSph galaxy tend to 
have fainter absolute K magnitudes at a given J — K 
colour (Fig.[T]) than LMC carbon stars. iDemers et al.l 
(2002) pointed out that the mean magnitudes of carbon- 
rich stars at the tip of the AGB are <Mk>= —7.91 mag 
and <M K >= -7.88 mag for the LMC and SMC, re- 
spectively, while the mean magnitude of 26 carbon stars 
in Fornax gives <Mk>= —7.68 mag. The difference be- 
tween the LMC and SM C samp les was also discussed 
in lLagadec et all (Fig. 2; l2007ah . IDemers et all (|2002l ) 
concluded that the low <Mk> is due to the lack of 
younger (0.3-1 G yr) carbon stars i n Forn ax. The popu- 
lation analysis by iBattaglia et aT] (|2006l ) also supports 
this interpretation; the star formation rate declined dur- 
ing the period from a few hundred Gyr to 1 Gyr ago, 
so we are unlikely to find young (0.3-1 Gyr) carbon 
stars in Fornax. In other words, AGB stars in the For- 
nax dSph Galaxy are, on average, probably older than 
those found in the LMC and the SMC. 



6.2 Metallicity dependence of mass-loss rates 

The ratio of SiC to continuum is smaller in Fornax stars 
than in our Galaxy or in the LMC, but comparable 
to that in the SMC. The Fornax spectra are well fit- 
ted if the mixture of dust grains is 5 % SiC and 95 % 
amorphous carbon, although the erro r in our estimate 
is large. As iGroenewegen et all ([2007) found, the frac- 
tion of SiC dust grains is lower in carbon stars in the 
LMC and SMC tha n those in our Galaxy (10%; e.g. 
IGroenewegen! (pj)95)). Stars in the Fornax dSph galaxy 
follow this same trend with metallicity. 

The fraction of SiC dust in the grains is probably 
correlated with the silicon elemental abundance in the 



atmospheres of carbon stars. The temperature in the he- 
lium burning shell does not become high enough for a- 
captures on magnesium, and the abundance of 28 Si can 
be assumed to be unchanged during the AGB phase. 
The abundance of silicon has been m easured in two 
red-g iants in the Fornax dSph galaxy ([Shetrone et al.l 
120031 ) . They find silicon abundances in metal poor stars 
higher than implied by a simple scaling from the metal- 
licity as represented by [Fe/H]. These two stars have ap- 
proximately 5 and 25 % of the solar silicon abundance 
([Si/H] = — 1.3 and —0.6), while their iron abundances 
are [Fe/H] = —1.60 and —0.67. Thus, the metal-poor 
star shows a silicon abundance excess, presumably due 
to th e detailed history of its formation ([Shetrone et al.l 
I2003D . 

A mass fraction of 5% SiC grains and a gas-to-dust 
ratio of 200 in mass, implies that 25% of the silicon 
atoms are in the dust, if the envelope has a solar metal- 
licity. Here we assume the solar abundance of silicate is 
7.55, on a scale of log N(H)=12. For [Si/H] = -0.6, all 
silicon atoms would need to be in the SiC dust grains. 
We expect our stars to have somewhat lower metallicity, 
corresponding to the peak of the stellar metallicity dis- 
tribution, say [Fe/H] ~ — 1.0 and the silicon abundance 
([Si/H]) could be ~ —0.9. Inverting the estimation, the 
gas-to-dust ratio needs to be 400 or larger, to account 
for the SiC mass fraction of 5%. If we consider the uncer- 
tainty in this estimate of the SiC fraction, then the gas- 
to-dust ratio must be in the range 800 to 240 to provide 
a fraction of 10 % to 3% of the dust as SiC. This may be 
the first, albeit indirect, indication for a higher gas-to- 
dust ratio at significantly sub-solar metallicity. If it is 
correct, then the mass- loss rates in AGB stars at these 
low metallicities could be even higher than values given 
in Table[H The uncertainty in the gas-to-dust ratio dis- 
cussed here largely depends on the uncertainty of our 
estimated SiC fraction. Various parameters, but partic- 
ularly the optical constants of the dust grains and the 
dust grain size distribution, require refinement if further 
progress is to be made. Furthermore, the ex act compo- 
sition s mixed in with the SiC dust grains (|Heck et al.l 
120071 ) might change towards lower metallicity, resulting 
in different SiC dust masses. Although it is possible that 
the gas-to-dust ratio increases at lower metallicity the 
actual values remain very uncertain. Due to these un- 
certainties, we continue to assume that the gas-to-dust 
ratio is 200 for the remaining discussion. 

The dust mass is dominated by amorphous car- 
bon. The quantity of amorphous carbo n grains is af- 
fected by two factors, viz. C/O ratio (lHabing et al.l 
1 994 ) and initial metallicity ( Z uckerm an fc DvckU l 989; 
Ivan Loonl 120001 : IWahlin et all 120061 ). The lack of evi- 
dence for lower mass-loss rates at lower metallicity is 
explained with a higher C/O ratio towards low metal- 
licity. A strong dependence of mass- loss rate on C/O ra- 
tio is repo rted from hydro dynam ical models for carbon- 
rich stars ([Mattsson et alJfeOQTf ). This is a consequence 
of the stability of the CO molecule; in carbon stars all 
available oxygen atoms are locked into carbon monoxide 
and excess carbon atoms are available to form carbon- 
bearing molecules and amorphous carbon dust grains. 
As new carbon atoms reach the surface of these AGB 
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stars, the C/0 ratio increases and the amount of car- 
bon available to form grains also increases. The C/O 
abundance of the target stars in the LMC, the SMC 
and Fornax have not been measured directly. A num- 
ber of car bon stars in the SMC have C/O ratios of 
1.05 to 1.1 (jde Lavernv et al.ll2QQ6h . That sample prob- 
ably contains blue carbon stars, which have little or 
no circumstellar envelope. The C/O ratio increases to- 
wards the end of the AGB phase, but such stars develop 
a thick circumstellar envelope and hydrostatic models 
cannot be used for them, because the molecular lines 
are filled in by emission from circumstellar dust grains. 
C/O ratios above 2 are found in LMC and SMC PNe 
(|Leisv fc Dennefeldl [19961 : IStanghellini et al.ll2005f ). At 
metallicities below those of the SMC and LMC, the fi- 
nal C/O ratios are expected to be even higher due to 
low initial oxygen abundanc e, and an additional effect 
of efficient third-dredge up jy assilia dis fc Woodl [l993; 
iMarigo et aDl2QQ3l : llzzard et al.ll2004ft . The C/O ratios 
of our targets are therefore likely to significantly exceed 
1.1, leading to the observed efficient amorphous dust 
production. 

This result i.e., the lack of dependence of mass- 
loss rates on metallicity for carbon-rich stars, is in 
contrast to what is found for oxygen-rich stars, where 
there is an obvious metallicity dependence ([Wood et al.l 
1992). This is because dust driven winds in oxygen- 
rich stars are dominated by the amount of silicate, 
and ul timately by the intrinsic silicon elemen tal abun- 
dance ([Bowen fc Willsonlll99ll : IWillson Il2006h . The ex- 
pansion velocities of oxygen-rich shells a r e also smaller 
at low metallicities (I Wood et al.l 1 19921 ; IZijlstra et al.l 
119961 : iMarshall et all l2QQ4f ). In "contrast, carbon stars 
are strongly affected by carbon production during the 
AGB phase; thus the different dependence of mass-loss 
rate on metallicity can be understood. 

6.3 Metallicity dependence of molecular bands 

The molecular band strengths o f carbon-rich stars 
show a metall i city d ependence (ICohen et al.l 1 198 it 
Ivan Loon et~aTl Il999l : iMatsuura et all 1 2 00 2f ) Recent 
studies using infrared spectrome t ers on the Very Large 
Telescope ([Matsuura et al.l 120051 : Ivan Loon et al.ll2006t ) 
showed that the C2H2 equivalent widths increase to- 
wards lower metallicity, based on samples from the 
Galaxy, the LMC and the SMC. 

The carbon-rich stars in the Fornax dSph galaxy 
follow the same trend of as those found in similar SMC 
stars. For infrared colours [6.4] — [9.3] >0. 5, the largest 
C2H2 equivalent widths are found for stars in the SMC 
and the Fornax dSph galaxy. Although Fornax has a 
lower metallicity than the SMC, no further metallicity 
dependence is seen below the SMC value. 

As discussed in the previous section, a higher C/O 
ratio is likely in carbon-rich stars at lower metallicity. 
C2H2 formation relies on excess carbon atoms after all 
oxygen atoms are locked into carbon monoxide. Thus 
the higher C/O ratio results i n the higher abundanc e 
of C2H2 at lower metalli c ity (IMatsuura et all l2QQ5h . 
Fig. 13 in IMatsuura et al.l (|2005l ) shows that the frac- 
tion of C2H2 in the atmosphere increases drastically up 



to C/O ~ 1.6, but at ratios higher than this the amount 
of C2H2 increases only slowly. This is because C2H2 is 
reactive with carbon resulting in increasingly larger car- 
bon bearing molecules. Thus, below the SMC metallic- 
ity, little metallicity dependence of the C2H2 equivalent 
width is found, because this molecular abundance be- 
comes insensitive to the C/O ratio. 

C2H2 is thought to be a parent molecule in the 
formation of PAHs, as i ndicated by chemical models 
(jAllamandola et al.l fl989). It is still unknown whether 
PAHs are formed during the AGB phase or afterwards. 
They may already form in the atmospheres or inner cir- 
cumstellar envelopes of carbon-rich AGB stars, where 
the gas density is r easonably high and chemica l reac- 
tions occur easily (|Frenklach fc Feigelsonl fl989l ) . The 
non-detection of PAHs from AGB stars might be due 
to a lack of UV radiation, which is probably required 
to excite PAHs. PAHs mi ght be photon-proc essed dur- 
ing post- AGB evolution ([Sloan et al.l [20071 ) . Alterna- 
tively, PAHs may be formed during the post- AGB or 
proto-planetary nebula phase, where PAHs are com- 
monly found. The chemistry in this phase is dominated 
by strong r adiation from the central star ([Woods et al.l 
l2002Ll2003h . If PAHs are indeed formed during the AGB 
phase, an over- abundance of C2H2 in a low metal en- 
vironment will affect the growth of these important 
molecules. 

The overabundance of C2H2 at low metallic- 
ity will remain through the post-AGB phase, as 
is illustrated by the fact that the LMC post- 
AGB star SMP11 has more abundan t carbon-bearing 
molecules ([Bernard- Salas et al.l l2006[) than compara - 
ble Galactic p o st-AG B stars (|Cernicharo et al.ll200ll ). 
iRevniers et al.l ([20071 ) suggested a lower limit of C/O 
= 2 for one LMC post-AGB star. This overabundance 
of C2H2 may also o ccur in an SMC post-AGB star 
(jKraemer et al.l l2006). Thus, at sub-solar metallicity, it 
is likely that C2H2 molecules are abundant in carbon- 
rich evolved stars. 



6.4 Gas supply from AGB stars to the ISM of the 
Fornax dSph galaxy 

From near-infrared colours, iGullieuszik et al] {2007) 
found about 100 AGB candidates in the centre 
(18.5 x 18.5 arcmin -1 ) of the Fornax dSph galaxy. Their 
infrared colours suggest that at least 20 of these AGB 
stars are carbon-rich { J—K > 1.4 and K < 14 mag) (e.g. 
ICioni fc Habind 120031). The reddest carbon stars found 
bv IGullieuszik et al.1 d2QQ7h have J - K = 2.4 mag. An 
estimate of mass-loss rate can be obtained from the 
J — K colors of these 20 AGB stars of the order of 
2 x lO -7 M0yr -1 or less, although this number is not 
very precise owing to the large dis persion of the J — K 
vs mass- loss rate relation found by (|LeBertreJ [T997). In- 
cluding our carbon stars, the total mass-loss rate from 
known carbon-rich stars in Fornax dSph galaxy is esti- 
mated to be about 2 x 10 -5 Mq yr _1 at most, adopting 
a gas-to-dust ratio of 200. Three stars in our sample 
(Fornax 13-23, 12-4, 3-129) contribute more than two 
thirds of the total mass-loss rate. Studies of Galactic 
AGB stars showed that stars with higher mass-loss rates 
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(above 1x10 6 Mq yr 1 ) do minate the total gas output 
from AGB stars (ILe Bertrd [2Q0lh . Therefore the much 
bluer AGB stars in Fornax are assumed to contribute 
very little to the total mass lost from the entire AGB 
population. 

This total mass-loss rate is smaller than the value 
found for Wolf Lundmark Melotte (WLM), a dwarf 
irregular galaxy in the Lo cal Group with a s imilar 
metallicity range to Fornax. Jac kson et al.l (|2QQ7| ) esti- 
mated the total mass- loss rate from AGB stars as [0.7- 
2.4] x 10 -3 Mq yr -1 , which is a factor of 50 larger in 
WLM than the Fornax dSph galaxy. The number ratio 
of carbo n- to oxygen-rich sta rs is reported to be 12 in 
WLM (|Battinelli et alJ l2QQ3h : thus the mass-loss rate 
from carbon-rich stars is almost identical to that from 
the entire AGB population. The visual absolute mag- 
nitudes (My) of the galaxies are —14.4 and —13.1 for 
WLM and Fornax, respectively. If My is a measure of 
the number of stars in a galaxy, WLM has a 2 to 3 
times larger the number of stars than Fornax has; the 
number of stars in the galaxies is insufficient to explain 
the difference in total mass-loss rate from carbon-rich 
stars. The assu med gas-to-dust rat io is a factor of 6 
to 13 larger in iJackson et al.l (|2007l ), but still not suf- 
ficient to explain the result. The difference might be 
caused by the presence of younger stars in WLM, and 
the absence of such stars in Fornax. In WLM, a recent 
increase in s tar formation rate is in dicated starting 1- 
2.5 Gyr ago dHodge fc Miller II 19951 ). Young (< 1 Gyr) 
carb on stars domina te the mass output from AGB stars 
(e.g. lLeBertrell200lf h and this population is missing in 
the Fornax dSph galaxy. 

As a dwarf irregular galaxy, WLM has a much 
larger Hi mass than the Fornax dSph: 40% of its t otal 
mass compared to < 0.1% for Fornax ([Mated [l 9981 ). A 
removal of gas from dS ph in early phase is a consequence 
of this that difference (|Grebel et al.ll2003h . However, the 
feedback from the young AGB stars also accentuates the 
difference in gaseous contents, on top of the influence 
of the galaxy's initial gas content. 



7 CONCLUSIONS 

The 5-14 /im spectra of AGB stars in the Fornax dSph 
galaxy confirm the prevalence of carbon-rich stars at 
low metallicity ([Fe/H]~ -1). Stars with J - K > 3 
show spectra dominated by C2H2 molecules, together 
with CO bands and SiC dust excess, while only a trace 
of the 7.5 /im C2H2 is found in stars with J — K < 3. 
Detection of the SiC dust excess shows that these AGB 
stars have developed circumstellar envelopes through 
mass loss. 

We compare our results for Fornax with carbon-rich 
stars in our own Galaxy, the LMC and the SMC. The 
Fornax dSph galaxy is the lowest metallicity galaxy for 
which the carbon-rich star population has been studied 
in the mid-infrared. The C2H2 molecular bands, with 
respect to the infrared colour, tend to be stronger to- 
wards lower metallicity. No reduction in the mass-loss 
rate is found for lower- metallicity carbon stars. The 
dust composition does depend on the metallicity, with a 
lower mass-fraction of SiC dust grains, but the amount 
of amorphous carbon, which constitutes the dominant 
fraction of dust grains, seem to be unchanged. If the 
fraction of SiC dust grain is correct, the gas-to-dust 
ratio could be as high as 400 at one tenth of the so- 
lar metallicity, but a more detailed investigation of gas 
mass-loss rates is required. This study of AGB mass 
loss in a low-metallicity environment should be broadly 
useful for other studies of dust and gas recycling within 
metal poor galaxies. 

Our study reveals that the gas supply from AGB 
stars into the interstellar medium is not lower at lower 
metallicity, but the fraction of SiC dust grains does ap- 
pear to be lower. The total amount of gas expelled from 
AGB stars is less in the Fornax dSph galaxy than in 
the dwarf irregular WLM, in spite of a similar total 
mass and metallicity. The difference is attributed to the 
younger stellar population in WLM. 
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6.5 Period of Fornax 4-15 

The absolute magnitude of Fornax 4-25 is esti- 
mated as Mboi = —4.09 mag, using the K mag- 
nitude and colour d ependent bolometric correction 
(|Whitelock et al.ll2006l ). T he period-luminosity re lation 
for Galactic carbon stars (|Whitelock et al.l [2QQ6h gives 
log P = 2.3, where P is the period in days, for 
this luminosit y. The observed period of Fornax 4-15 is 
log P = 2.5 (jDemers fc Ir win! 1 19871 ). thus this Fornax 
star fits on the period-luminosity relation for Galac- 
tic stars very well. No obvious metallicity dependence 
has been found for the AGB period-luminosity relation. 
This period and mass-loss rate relation for galactic star 
gives mass-loss rate of lO -6 M0yr -1 at log P = 2.5. 
This mass-loss rate is consistent with the upper limit 
(< 1.3 x lO -6 M0yr -1 ) obtained by this work is con- 
sistent. 
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